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ABSTRACT

3,4-Methylenedioxymethamphetamine (MDMA) is a substituted
phenethylamine more commonly known as the drug of abuse
“ecstasy.” The acute and persistent neurochemical effects of
MDMA in the mice are distinct from those in other species.
MDMA shares biological effects with both amphetamine-type
stimulants and mescaline-type hallucinogens, which may be
attributable to distinct effects of its two enantiomers, both of
which are active in vivo. In this regard, among the substituted
phenethylamines, R(—)-enantiomers tend to have hallucinogen-
like effects, whereas S(+)-enantiomers tend to have stimulant-
like effects. In the present study, mice were trained to discrim-
inate S(+)- or R(—)-MDMA from vehicle. Drug substitution tests
were then undertaken with the structurally similar phenethyl-
amine dopamine/norepinephrine releaser S(+)-amphetamine,
the structurally dissimilar tropane nonselective monoamine re-

uptake inhibitor cocaine, the structurally similar phenethyl-
amine 5-hydroxytryptamine (5-HT),, agonist 2,5-dimethoxy-4-
(n)-propylthiophenethylamine (2C-T-7), and the structurally
dissimilar mixed action tryptamine 5-HT,, agonist/monoamine
reuptake inhibitor N,N-dipropyltryptamine (DPT). S(+)-amphet-
amine fully substituted in the S(+)-MDMA-treated animals but
did not substitute for the R(—)-MDMA cue. 2C-T-7 fully substi-
tuted in the R(—)-MDMA-trained animals but did not substitute
for the S(+)-MDMA cue. Cocaine and DPT substituted for both
training drugs, but whereas cocaine was more potent in S(+)-
MDMA-trained mice, DPT was more potent in R(—)-MDMA-
trained mice. These data suggest that qualitative differences in
the discriminative stimulus effects of each stereoisomer of
MDMA exist in mice and further our understanding of the com-
plex nature of the interoceptive effects of MDMA.

Racemic 3,4-methylenedioxymethamphetamine (MDMA)
is a substituted phenethylamine that is widely abused as the
street drug “ecstasy.” MDMA has pharmacological and chem-
ical similarities (Fig. 1) to both phenethylamine stimulants
and hallucinogens. MDMA has been shown to produce a
complex mixture of subjective effects in humans (Vollenwei-
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der et al., 1998; Liechti et al., 2000a,b). In particular, subjects
report subjective effects such as “increased activation” and
“heightened mood” (typical of psychomotor stimulants), as
well as “anxious ego-dissolution” and “oceanic boundless-
ness” (typical of hallucinogenic compounds). The precise
mechanisms for these complex and unusual interoceptive
properties of MDMA remain to be determined.

Drugs with chiral centers typically give rise to stereoiso-
mers that engender similar biological effects, but the potency
with which they produce these effects is different. However,
several studies have shown that the isomers of MDMA tend
to induce qualitatively different effects (i.e., apparent efficacy
differences), which is suggestive of a mechanism for its com-
plex subjective effects. In this regard, S(+)-MDMA has a
“stimulant-like” profile, with an EC;, for the dopamine
transporter that is approximately 30 times greater than
R(—)-MDMA (Setola et al., 2003). However, R(—)-MDMA is

ABBREVIATIONS: MDMA, 3,4-methylenedioxymethamphetamine; 5-HT, 5-hydroxytryptamine; DOM, 2,5-dimethoxy-4-methylamphetamine;
LSD, lysergic acid diethylamine; 2C-T-7, 2,5-dimethoxy-4-(n)-propylthiophenethylamine; DPT, N,N-dipropyltryptamine; FR, fixed ratio; TO,

timeout; ANOVA, analysis of variance.
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Fig. 1. Chemical similarities among MDMA, the amphetamine-type
phenethylamine stimulants, and the mescaline-type phenethylamine
hallucinogens. A, MDMA, with ring and side chain carbon position labels.
B, amphetamine, bolded and overlaid on the structure of MDMA. C,
mescaline, bolded and overlaid on the structure of MDMA.
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“hallucinogen-like” in its effects, possessing measurable af-
finity for the 5-hydroxytryptamine (5-HT),, receptor (Lyon
et al., 1986) and stimulating phosphatidyl inositol hydrolysis
upon binding (Nash et al., 1994). At the systems level, only
S(+)-MDMA increases dopamine neurotransmission in the
striatum of Sprague-Dawley rats (Acquas et al., 2007) or
rhesus macaques (Murnane et al., 2009). On a behavioral
level, S(+)-MDMA, but not R(—)-MDMA, elicits hyperther-
mia and locomotor activity in mice (Fantegrossi et al., 2003).
Furthermore, only R(—)-MDMA induces head-twitch behav-
ior in mice through direct agonism of the 5-HT,, receptor
(Fantegrossi et al., 2005a).

This work is buttressed by studies using drug discrimina-
tion—the preclinical analog of subjective effects (Schuster
and Johanson 1988; Brauer et al., 1997)—in rats. For exam-
ple, Glennon et al. (1988) reported that, in rats trained to
discriminate either S(+)-amphetamine or SR(*)-2,5-dime-
thoxy-4-methylamphetamine (DOM) from saline, S(+)-
MDMA fully substituted for the interoceptive cue produced
by amphetamine but not for the interoceptive cue elicited by
DOM. Furthermore, Baker et al. (1995) found that the S(+)-
MDMA cue partially generalized to S(+)-amphetamine and
cocaine. It is noteworthy that other results in this study were
not supportive of S(+)-MDMA being a pure psychomotor
stimulant, because it also partially or fully generalized to
mescaline, lysergic acid diethylamine (LLSD), and SR(*)-

DOM (Baker et al., 1995). However, the preponderance of
evidence across studies was supportive of distinct differences
in the interoceptive effects of the isomers.

The aim of the present work was to extend these finding by
examining the nature of the stimulus effects of the enanti-
omers of MDMA in mice. Because previous studies have
shown that the persistent neurochemical effects of MDMA in
mice are distinct from those in rats, monkeys, and perhaps
humans (Stone et al., 1987; Logan et al., 1988; O’Shea et al.,
2001; Green et al., 2003; Easton and Marsden, 2006), it was
of interest to determine whether the interoceptive effects of
MDMA were also susceptible to species differences. In mice,
the discriminative stimulus effects of MDMA and its enanti-
omers have been infrequently studied, but in one such report,
mice were trained to discriminate 3.0 mg/kg SR(*+)-MDMA,
1.5 mg/kg S(+)-MDMA, or R(—)-MDMA from saline, and
substitution trials were undertaken among all three com-
pounds. With the exception of R(—)-MDMA in mice trained to
discriminate SR(+)-MDMA, all compounds fully substituted
for one another (Fantegrossi et al., 2009). To further examine
the nature of the interoceptive cue engendered by S(+)- and
R(—)-MDMA in a parametric fashion in mice, subjects were
trained to discriminate S(+)-MDMA or R(—)-MDMA (1.5 mg/
kg) from saline by using a two-lever, liquid food reinforced
procedure. The generalization of each discriminative cue was
then evaluated by full dose-effect determinations with sub-
stitution compounds that parametrically varied in their
structural and pharmacological similarity to MDMA (Fig. 2),
including the phenethylamine dopamine/norepinephrine re-
leaser S(+)-amphetamine (Davids et al., 2002), the nonselec-
tive tropane monoamine reuptake inhibitor cocaine (Kuhar
et al., 1999), the phenethylamine 5-HT,, agonist 2,5-dime-
thoxy-4-(n)-propylthiophenethylamine (2C-T-7) (Fantegrossi
et al., 2005b), and the mixed action tryptamine 5-HT,, ago-
nist/serotonin reuptake inhibitor N,N-dipropyltryptamine
(DPT) (Blough et al., 2007). The specific hypothesis tested
was that phenethylamine compounds that selectively share
pharmacological effects with an isomer of MDMA would be
more likely to substitute for the discriminative stimulus ef-
fects of that MDMA isomer, and only of that isomer, in mice.

Materials and Methods

Animals. Twelve (six per group) male Swiss-Webster mice
(Charles River Laboratories, Inc., Wilmington, MA) weighing ap-
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proximately 30 g were housed three animals per 44.5 X 22.3 X 12.7
cm Plexiglas cage in a temperature-controlled room within the
Yerkes National Primate Research Center. The rodent vivarium was
maintained at an ambient temperature of 22 + 2°C at 45 to 50%
humidity, and lights were set to a 12-h light/dark cycle. Animals
were fed Lab Diet rodent chow (Laboratory Rodent Diet 5001; PMI
Feeds, Inc., St. Louis, MO) and water ad libitum until immediately
before testing. Mice were not used in experiments until at least 5
days after arrival in the laboratory. All of the studies were carried
out in accordance with the Declaration of Helsinki and with the
Guide for Care and Use of Laboratory animals as adopted and
promulgated by the National Institutes of Health, and experimental
protocols were approved by the Animal Care and Use Committee at
Emory University.

Procedure. Acquisition of food-maintained lever-pressing behav-
ior and MDMA discrimination training were carried out as described
in previous studies (Yarosh et al., 2007; Fantegrossi et al., 2009). In
brief, studies were conducted in operant-conditioning chambers
(model ENV-008; MED Associates, St. Albans, VT) that were indi-
vidually enclosed in larger lightproof Malaguard sound-attenuating
cubicles (model ENV-022M; MED Associates) and modified to accom-
modate murine subjects. The side wall of each chamber compartment
used in these studies was equipped with a spout through which
liquid reinforcement was delivered, driven by an infusion pump
mounted outside the chamber but within the cubicle. The spout was
centered between two retractable levers and positioned just beneath
a red stimulus light, which was illuminated during reinforcer deliv-
ery. Mice were trained 5 days per week under a fixed-ratio (FR)
schedule of reinforcement wherein completion of the response re-
quirement on either lever was reinforced by 2 s of access to a palat-
able liquid reinforcer (approximately 0.02 ml of vanilla-flavored cof-
fee creamer diluted 1:1 with water) followed by a 10-s timeout (TO)
before programmed consequences were reinitiated. Once a response
requirement was met on either lever, that lever was retracted and
subjects were required to meet the response requirement on the
other lever. When the response requirement was met on each of the
levers, both levers were reintroduced after the TO. In this manner,
mice received equivalent reinforcement from each lever, and no
subsequent biases for one lever or the other were noted. Animals
acquired lever-pressing behavior on a FR1 schedule of reinforcement
in sessions lasting 60 min or until 60 reinforcers had been earned
(whichever came first). The FR value increased by one for every 20th
reinforcer earned within a given session, and the FR value achieved
was carried over between sessions until mice were responding under
an FR10. This segment of the training was complete when mice
performed stably over five consecutive FR10 sessions.

Next, each group of mice was trained in 30-min sessions 5 days per
week to discriminate their respective drug [1.5 mg/kg S(+)-MDMA
or R(—)-MDMA administered intraperitoneally] from saline vehicle.
Injections were administered 10 min before extension of the response
levers, signaling the start of the behavioral session. During discrim-
ination training, a single response on the injection inappropriate
lever resulted in retraction of that lever and extinction of the house
light for a 30-s TO. During this TO, the injection-appropriate lever
remained extended into the chamber, but responses on it had no
programmed consequences. After the elapse of the TO, completion of
the ratio on the remaining, injection-appropriate lever was rein-
forced. Percentage of drug-appropriate responding was calculated as
the number of reinforcers earned divided by the total number of
opportunities to make a choice between the two levers, multiplied by
100. Training was composed of an alternating schedule or drug or
saline injection. Subjects were switched from saline to drug or vice
versa for the next day of training if they achieved a criterion of
greater than 80% correct choices or after three consecutive training
days where performance was below criterion. In the latter case, a
single day of FR10 responding (as in the lever training condition)
was imposed to reestablish contact with the reinforcement contin-
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gencies and to increase behavioral output before discrimination
training was resumed.

Drug-induced stimulus control was assumed to be present when,
in five consecutive sessions, animals made 80% or more correct
choices. After stimulus control was established with the training
drugs, tests were conducted once per week in each animal as long as
performance did not fall below the criterion level of 80% correct
responding in any one of the previous three training sessions. Ap-
proximately half of the test sessions were conducted the day after
saline training sessions with the remainder following drug training
sessions. During test sessions, a multiple component cumulative
dosing procedure was used, and no responses were reinforced. Each
component was terminated after the emission of 10 responses on
either lever. Mice were then removed from the chamber, adminis-
tered the next cumulative dose, and returned to the chamber. Ten
minutes later, levers were re-extended into the experimental space.
In this manner, four doses of drug could be tested in a single session,
over approximately 40 min. The distribution of responses between
the two levers was expressed as a percentage of total responses
emitted on the drug-appropriate lever. Response rate was calculated
for each session by dividing the total number of responses emitted on
both levers by the elapsed time before 10 responses on either lever.

Complete generalization of a training drug to a test drug is said to
be present when 1) a mean of 80% or more of all test responses occurs
on the drug-appropriate lever and 2) there is a statistically signifi-
cant difference between the response distributions of the test drug
and saline control sessions. An intermediate degree of generalization
is defined as being present when response distributions after a test
drug are less than 80% drug-appropriate and are significantly dif-
ferent from saline control sessions. Finally, when the response dis-
tribution after a test drug is not statistically significantly different
from that in saline control sessions, an absence of generalization of
the training drug to the test drug is assumed. Failure to complete an
FR10 on either lever within 2 min terminated the sessions and
indicated disruption of schedule-controlled behavior.

Data Analysis. Graphical presentation of all data depicts mean *
S.E.M. Drug discrimination data are expressed as percentage of
drug-appropriate responding, which is the number of responses
emitted on the drug-appropriate lever as a percentage of the total
number of responses emitted. Response rates are expressed as the
number of responses per second, calculated for each session by di-
viding the total number of responses emitted (before the emission of
10 responses on either lever) by elapsed time. Data for any subjects
failing to emit 10 responses within 2 min of lever extension were
deemed to be behaviorally disrupted and were not considered in the
calculation of the percentage of drug-appropriate responding or re-
sponse rates. Generalization was said to occur if 80% or more of the
responses were on the drug-appropriate lever. The statistical signif-
icance of the generalization of a training drug was determined using
one-way repeated measure analysis of variance (ANOVA) to compare
the two training conditions with the test drug. Subsequent multiple
comparisons to saline control were made by the method of Dunnett.
Control data were repeated for each comparison, and statistical
analyses were applied by using the appropriate control sessions.
However, for purposes of clarity, mean values for control data are
shown in all figures. Nonlinear regression analysis with a variable
slope sigmoidal dose-response curve was used to calculate the dose
that was 50% effective (ED;,; with a set range of 0—-100%) and the
Hill slope of the dose-effect curve when the test compound partially
or fully substituted for the training drug. The equation used for this
analysis was Y = 0 + (100)/(1 + 10"((LogED;, — X) * Hill Slope)),
where X is equal to the logarithm of the dose and Y is equal to the
response. All graphical data presentations were created by using
GraphPad Prism 4 (GraphPad Software Inc., San Diego, CA), all
statistical tests were performed by using SigmaStat 3 (Systat Soft-
ware, Inc., San Jose, CA), and significance was judged at P < 0.05.

Drugs. S(+)-MDMA, R(—-)-MDMA, 2C-T-7, and amphetamine
were supplied by the National Institute on Drug Abuse (Research
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Fig. 3. Effects of amphetamine in mice trained with 1.5 mg/kg S(+)-MDMA

(@) or 1.5 mg/kg R(—)-MDMA (O) as a discriminative stimulus (n = 6 per

group). All points represent the mean = S.E.M., and any points without error bars indicate instances in which the S.E.M. is encompassed by the data
point. Abscissae, dose of drug expressed as milligram per kilogram and plotted on a logarithmic scale. The points at SAL and TD represent saline and
MDMA training dose sessions, respectively. Filled symbols represent data from S(+)-MDMA-trained mice, whereas open symbols represent data from
R(—)-MDMA-trained mice. Ordinates, percentage of MDMA-appropriate responding (A) or response rate (B). A numeral adjacent to a symbol indicates
the number of animals completing the test, if less than 6. A # indicates a significant difference for saline in the S(+)-MDMA-trained group, whereas
an * indicates the same relationship in the R(—)-MDMA-trained groups. Significant differences were assessed by one-way repeated measures ANOVA

with post hoc analysis carried out using Dunnett’s test.

Technology Branch, Research Triangle Park, NC). DPT was synthe-
sized at the Laboratory of Medicinal Chemistry at the National
Institutes of Diabetes, Digestive and Kidney Disorders at the Na-
tional Institutes of Health (Bethesda, MD) and was a generous gift
from Dr. Kenner C. Rice. All compounds were weighed as salts,
dissolved in 0.9% physiological saline, and all injections were admin-
istered intraperitoneally at a volume of 1.0 ml/100 g.

Results

Discrimination. Under the procedures used, all animals
learned to reliably discriminate the training dose of the re-
spective training drug from saline. Once subjects were fully
trained, group means of each group for drug-appropriate
lever responding were greater than 90% subsequent to ad-
ministration of the training dose and less than 10% subse-
quent to administration of saline. One-way repeated mea-
sures ANOVA was carried out for all drug substitutions in
each respective group. A significant main effect of condition
(drug and dose) was found for both the S(+)-MDMA (Fj ,, =
12.706; P < 0.001) and the R(—)-MDMA groups (Fs g3 =
7.141; P < 0.001).

Amphetamine Substitution. Cumulative administra-
tion of S(+)-amphetamine engendered dose-dependent and
full substitution (100 = 0%) in S(+)-MDMA-trained subjects.
However, S(+)-amphetamine did not substitute for the R(—)-
MDMA cue up to doses that suppressed responding (Fig. 3).
Post hoc analysis by means of the Dunnett’s test revealed

-@- S(+)-MDMA-trained
-©-R(-)-MDMA-trained

that the 1.0 and 3.0 mg/kg doses of S(+)-amphetamine were
significantly different from saline administration (P < 0.05)
in the S(+)-MDMA-trained animals. No dose of amphet-
amine was significantly different from saline in the R(-)-
MDMA-trained subjects. Nonlinear curve fitting determined
an EDy, of 0.42 mg/kg with a Hill slope of 2.48 (R? = 0.79) in
the S(+)-MDMA-trained animals. This analysis was not pos-
sible in R(—)-MDMA-trained mice due to the failure of am-
phetamine to substitute in these subjects.

Cocaine Substitution. Cumulative administration of co-
caine engendered dose-dependent and full substitution
(100 = 0%) in S(+)-MDMA-trained subjects. In the R(—)-
MDMA-trained subjects, cocaine dose-dependently and par-
tially substituted (66.67 + 33%) for the training dose (Fig. 4).
Post hoc analysis by means of the Dunnett’s test revealed
that the 1.0 and 3.0 mg/kg doses of cocaine were significantly
different from saline administration (P < 0.05) in the S(+)-
MDMA-trained animals, and that 3.0 mg/kg cocaine was
significantly different from saline (P < 0.05) in the R(-)-
MDMA-trained animals. Nonlinear curve fitting determined
an EDj, of 0.36 mg/kg with a Hill slope of 1.63 (R? = 0.60) in
the S(+)-MDMA-trained animals. Cocaine was approxi-
mately five times less potent in the R(—)-MDMA-trained
animals with an ED, of 1.54 mg/kg and a Hill slope of 0.95
(R? = 0.60).

2C-T-7 Substitution. Cumulative administration of 2C-
T-7 engendered dose-dependent and full substitution
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B Fig. 5. Effects of 2C-T-7 in mice trained with 1.5
mg/kg S(+)-MDMA (@) or 1.5 mgkg R(-)-
MDMA (O) as a discriminative stimulus (n = 6
per group). All points represent the mean =
S.E.M., and any points without error bars indi-
cate instances in which the S.E.M. is encom-
passed by the data point. Abscissae, dose of drug
expressed as milligram per kilogram and plotted
on a logarithmic scale. Ordinates, percentage of
MDMA-appropriate responding (A) or response

rate (B).
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(84.25 = 11.76%) in R(—)-MDMA-trained subjects; however,
2C-T-7 did not substitute for the S(+)-MDMA cue (20.0 =
20.0%) (Fig. 5). Post hoc analysis by means of the Dunnett’s
test revealed that the 0.3, 1.0, and 3.0 mg/kg doses of 2C-T-7
were significantly different from saline administration (P <
0.05) in the R(—)-MDMA-trained animals. No dose of 2C-T-7
was significantly different from saline in the S(+)-MDMA-
trained subjects. Nonlinear regression analysis could not ac-
curately fit the data for 2C-T-7 in the R(—)-MDMA-trained
animals. This result was probably due to the lack of multiple
intermediate substitution data points at the doses used.
Likewise, the failure of 2C-T-7 to substitute for the S(+)-
MDMA training dose precluded this level of analysis in these
subjects as well.

DPT Substitution. Cumulative administration of DPT
engendered dose-dependent and full substitution in subjects
trained with R(—)-MDMA (100 = 0%) and in subjects trained
with S(+)-MDMA (96.15 = 3.847) (Fig. 6). Post hoc analysis
by means of the Dunnett’s test revealed that the 1.0 and 3.0
mg/kg doses of cocaine were significantly different from sa-
line administration (P < 0.05) in the R(—)-MDMA-trained
animals, whereas the 1.0, 3.0, and 10.0 mg/kg doses of DPT
were significantly different from saline (P < 0.05) in the
S(+)-MDMA-trained animals. Nonlinear curve fitting deter-
mined an EDj;, of 0.14 mg/kg with a Hill slope of 1.09 (R =
0.58) for DPT in the R(—)-MDMA-trained animals. DPT was
approximately six times less potent in the S(+)-MDMA-
trained animals with an ED,, of 0.91 mg/kg and a Hill slope
of 2.2 (R* = 0.75).

Discussion

The aim of the present study was to examine the nature of
the interoceptive cue engendered by S(+)- and R(—)-MDMA

-@- S(+)-MDMA-trained
-©-R(-)-MDMA-trained

in mice, under conditions that parametrically varied both the
chemical similarity of the test drugs to MDMA and the phar-
macological selectivity of the test compounds. It is important
to note that in the case of both the stimulants (amphetamine
and cocaine) and hallucinogens (2C-T-7 and DPT) tested, the
pharmacological effects of the phenethylamine-based drugs
(amphetamine and 2C-T-7) were more selective than were
the effects of the drugs not structurally related to MDMA
(cocaine and DPT). Under the procedures used, all animals
learned to reliably discriminate the training dose of S(+)-
MDMA or R(—)-MDMA from saline. In combination with
previous reports comparing the discriminative stimulus ef-
fects of each isomer of MDMA to N-substituted piperazines
(Yarosh et al., 2007) or to each other (Fantegrossi et al.,
2009), these data indicate that mice can be reliably trained to
discriminate each isomer of MDMA from saline.
S(+)-amphetamine is structurally similar to MDMA, and
both compounds stimulate impulse-independent release of
monoamines (Acquas et al., 2007; Fleckenstein et al., 2007).
Based on previous reports describing the neurochemical ef-
fects of these compounds, and based on the discriminative
profiles of the MDMA isomers established in rats, we hypoth-
esized that the discriminative stimulus effects of amphet-
amine should be more similar to those of S(+)-MDMA than
those of R(—)-MDMA in the mouse. This hypothesis was
confirmed by the full substitution of S(+)-amphetamine for
the discriminative cue of S(+)-MDMA and the failure of
amphetamine to engender significant R(—)-MDMA-like re-
sponding in mice. 2C-T-7 is also structurally similar to
MDMA, and both compounds are substituted phenethyl-
amines with agonist affinity for the 5-HT,, receptor (Lyon et
al., 1986; Fantegrossi et al., 2005b, 2008). Based upon this
pharmacological profile and previous work on the discrimi-
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native stimulus effects of the MDMA enantiomers in rats, we
hypothesized that the discriminative stimulus effects of 2C-
T-7 should be more similar to those of R(—)-MDMA than to
those of S(+)-MDMA in mice. This hypothesis was also con-
firmed by the full substitution of 2C-T-7 in the R(—)-MDMA-
trained animals and by the lack of S(+)-MDMA-like respond-
ing elicited by 2C-T-7 in S(+)-MDMA-trained animals. The
sum of these two data sets indicates a profound qualitative
difference in the discriminative cue engendered by each ste-
reoisomer of MDMA. These data support previous studies
that contrast the stimulus properties of the two isomers in
rats (Glennon et al., 1988; Baker et al., 1995). Furthermore,
the distinct interoceptive effects of the two isomers of MDMA
have now been demonstrated across different operant sched-
ules, training procedures, training doses, training drugs
(generalization versus substitution), and species. However, it
remains difficult to explain the capacity of each MDMA en-
antiomer to substitute for one another in mice, using proce-
dures identical to those herein described previously (Fante-
grossi et al., 2009). Nevertheless, these present findings
suggesting qualitatively distinct discriminative stimulus ef-
fects in the mouse are supported not only by earlier drug
discrimination experiments in the rat, but also by previous
studies where S(+)-MDMA elicited stimulant-like effects,
while R(—)-MDMA induced hallucinogen-like effects, on mul-
tiple behavioral and physiological endpoints in mice (Fante-
grossi et al., 2003, 2005a).

It is also clear from the present studies that, when the
structural and pharmacological similarity of the test com-
pounds to MDMA was reduced, the previously observed qual-
itative differences between the interoceptive effects of the
MDMA enantiomers were replaced by simple potency differ-
ences. Cocaine has no notable structural features in common
with MDMA, and although both compounds alter synaptic
monoamine levels, MDMA does so through transporter-me-
diated release (Setola et al., 2003) while cocaine passively
blocks monoamine reuptake (Kuhar et al., 1999). Neverthe-
less, cocaine fully substituted for the training dose of S(+)-
MDMA and partially substituted for the interoceptive cue
induced by R(—)-MDMA. In mice trained with R(—)-MDMA,
the Hill slope of the cocaine dose-effect curve was 1.63, and
only three of the six animals reached the response criterion
at the highest dose of cocaine tested, suggesting that full
substitution might have been achieved were it not for the
rate suppressant effects of cocaine under these conditions in
these subjects. Although it is not clear why the rate-suppres-
sant effects of cocaine were more pronounced in mice trained
with R(—)-MDMA than in mice trained with S(+)-MDMA, it
is important to note that the interoceptive effects of cocaine
were approximately five times more potent in the S(+)-
MDMA group than in the R(—)-MDMA-trained animals.
Thus, although cocaine substituted for each MDMA isomer, a
conspicuous potency difference remained. Likewise, the
chemical structures of MDMA and DPT are not particularly
congruent. In addition to its agonist affinity for 5-HT,, re-
ceptors, DPT functionally inhibits reuptake of monoamines
without stimulating release (Nagai et al., 2007). DPT fully
substituted for the training dose of each stereoisomer but
was 6-fold more potent in mice trained with R(—)-MDMA.
These data are in general agreement with previous studies
showing that LSD and cocaine, drugs with promiscuous
pharmacological profiles that are structurally dissimilar to

MDMA, partially or fully substituted for each isomer (Baker
et al., 1995 and Bondareva et al., 2005, respectively). Taken
together, these data reveal that of the compounds tested in
this study, R(—)-MDMA shares stimulus properties with di-
rect 5-HT,, receptor agonists and indirect serotonin ago-
nists, whereas S(+)-MDMA shares stimulus properties with
only indirect agonists in mice. Furthermore, S(+)-MDMA
shares stimulus properties with selective dopamine sub-
strate releasers and nonselective monoamine reuptake inhib-
itors, whereas R(—)-MDMA shares stimulus properties with
only nonselective monoamine reuptake inhibitors.

It is important to note that many procedural variables can
profoundly affect the results of drug discrimination studies.
In particular, the training dose chosen to establish discrim-
inative control affects both the rate of acquisition of the
discrimination task and the “sensitivity” of the animals to
subsequent test compounds. For example, rats trained to
discriminate 40 mg/kg of the p-opioid agonist fentanyl from
saline acquired the discrimination more rapidly than did
animals trained with lower doses, but the dose-effect func-
tions for fentanyl discrimination in these animals were
shifted to the right compared with rats trained with lower
fentanyl doses (Colpaert et al., 1980). The role of various
procedural variables, including training dose, in drug dis-
crimination experiments involving serotonergic compounds
(Winter et al., 1999) has been reviewed previously. Thus,
whereas the presently reported data are in accordance with
previous experiments conducted in rats (Glennon et al., 1988;
Baker et al., 1995), further drug discrimination experiments
with the MDMA enantiomers in mice trained with both
higher and lower doses and maintained under different op-
erant schedules are warranted.

In conclusion, these data indicate that the discriminative
cues mediated by each enantiomer of MDMA are distinct, yet
overlapping, and further suggest that, as has been demon-
strated in the rat, the interoceptive effects of S(+)-MDMA
are primarily stimulant-like, whereas those of R(—)-MDMA
are predominantly hallucinogen-like in the mouse. As re-
search into the effects of MDMA in wild-type and genetically
modified mice continues to proliferate, this demonstration of
a similarity between the interoceptive effects of the MDMA
enantiomers in rats and mice—despite the pronounced spe-
cies differences in both persistent and acute neurochemical
effects (Stone et al., 1987; Logan et al., 1988; O’Shea et al.,
2001; Green et al., 2003; Easton and Marsden, 2006)—be-
comes all the more important. The stimulus properties of
amphetamine, a relatively dopamine-selective stimulant, or
2C-T-7, a relatively selective serotonergic hallucinogen, com-
pletely dissociate the MDMA enantiomers from one another.
In contrast, the interoceptive effects of cocaine, a stimulant
with approximately equivalent effects on dopamine, norepi-
nephrine, and serotonin, or DPT, a hallucinogen that also
inhibits reuptake of serotonin, generalize to both MDMA
enantiomers, but do so more potently in the more stimulant-
like S(+)-MDMA or the more hallucinogen-like R(—)-MDMA,
respectively. This pattern of findings would seem to suggest
that the interoceptive effects of the MDMA enantiomers in
mice are mediated by a mixture of dopaminergic and seroto-
nergic components. In the case of S(+)-MDMA, the dopami-
nergic component is a more salient cue than the serotonergic
component, whereas the reverse is true for R(—)-MDMA.
This notion may explain not only the present results, but also
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the capacity for each enantiomer to substitute for one an-
other in mice (Fantegrossi et al., 2009). In so far as drug
discrimination experiments can be generalized to human
subjective effects, it seems likely that isomers possessing
distinct but overlapping interoceptive effects could produce a
racemic mixture with complex subjective effects, as is the
case with MDMA. Further research into the intriguing sub-
jective effects of MDMA, particularly as they may relate to
subtle differences in the interoceptive effects induced by the
component enantiomers in man, would be informative.

Acknowledgments

We thank the Emory University International Research Experi-
ence for Science Students program for travel and research support
for N. Murai. We also thank the animal care staff at the Yerkes
National Primate Research Center for their expert animal hus-
bandry services.

References

Acquas E, Pisanu A, Spiga S, Plumitallo A, Zernig G, and Di Chiara G (2007)
Differential effects of intravenous R,S-(+/—)-3,4-methylenedioxymethamphet-
amine (MDMA, Ecstasy) and its S(+)- and R(—)-enantiomers on dopamine trans-
mission and extracellular signal regulated kinase phosphorylation (pERK) in the
rat nucleus accumbens shell and core. J Neurochem 102:121-132.

Baker LE, Broadbent J, Michael EK, Matthews PK, Metosh CA, Saunders RB, West
WB, and Appel JB (1995) Assessment of the discriminative stimulus effects of the
optical isomers of ecstasy (3,4-methylenedioxymethamphetamine; MDMA). Behav
Pharmacol 6:263-275.

Blough B, Landavazo T, Partilla JS, Page KM, and Rothman BB (2007) The biogenic
amine transporter properties of selected Shulgin tryptamines. College on Problems
of Drug Dependence; Abstract 50; 2007 June; Quebec City, Quebec, Canada.

Bondareva T, Wesolowska A, Dukat M, Lee M, Young R, and Glennon RA (2005)
S(+) and R(-)N-methyl-1-(3,4-methylenedioxyphenyl)-2-aminopropane (MDMA)
as discriminative stimuli:

Brauer LH, Goudie AJ, and de Wit H (1997) Dopamine ligands and the stimulus
effects of amphetamine: animal models versus human laboratory data. Psychop-
harmacology 130:2-13.

Colpaert FC, Niemegeers CJ, and Janssen PA (1980) Factors regulating drug cue
sensitivity: the effect of training dose in fentanyl-saline discrimination. Neuro-
pharmacology 19:705-713.

Davids E, Zhang K, Kula NS, Tarazi FI, and Baldessarini RJ (2002) Effects of
norepinephrine and serotonin transporter inhibitors on hyperactivity induced by
neonatal 6-hydroxydopamine lesioning in rats. J Pharmacol Exp Ther 301:1097—
1102.

Easton N and Marsden CA (2006) Ecstasy: are animal data consistent between
species and can they translate to humans? J Psychopharmacol 20:194-210.

Fantegrossi WE, Godlewski T, Karabenick RL, Stephens JM, Ullrich T, Rice KC, and
Woods JH (2003) Pharmacological characterization of the effects of 3,4-
methylenedioxymethamphetamine (“ecstasy”) and its enantiomers on lethality,
core temperature, and locomotor activity in singly housed and crowded mice.
Psychopharmacology (Berl) 166:202—211.

Fantegrossi WE, Kiessel CL, De la Garza R 2nd, and Woods JH (2005a) Serotonin
synthesis inhibition reveals distinct mechanisms of action for MDMA and its
enantiomers in the mouse. Psychopharmacology (Berl) 181:529-536.

Fantegrossi WE, Harrington AW, Eckler JR, Arshad S, Rabin RA, Winter JC, Coop
A, Rice KC, and Woods JH (2005b) Hallucinogen-like actions of 2,5-dimethoxy-4-
(n)-propylthiophenethylamine (2C-T-7) in mice and rats. Psychopharmacology
(Berl) 181:496-503.

Fantegrossi WE, Murnane KS, and Reissig CJ (2008) The behavioral pharmacology
of hallucinogens. Biochem Pharmacol 75:17-33.

Fantegrossi WE, Murai N, Mathuna BO, Pizarro N, and de la Torre R (2009)

723

Discriminative stimulus effects of 3,4-methylenedioxymethamphetamine and its
enantiomers in mice: pharmacokinetic considerations. J Pharmacol Exp Ther
329:1006-1015.

Fleckenstein AE, Volz TJ, Riddle EL, Gibb JW, and Hanson GR (2007) New insights
into the mechanism of action of amphetamines. Annu Rev Pharmacol Toxicol
47:681-698.

Glennon RA, Yousif M, and Patrick G (1988) Stimulus properties of 1-(3,4-
methylenedioxyphenyl)-2-aminopropane (MDA) analogs. Pharmacol Biochem Be-
hav 29:443-449.

Green AR, Mechan AO, Elliott JM, O’Shea E, and Colado MI (2003) The pharma-
cology and clinical pharmacology of 3,4-methylenedioxymethamphetamine
(MDMA, “ecstasy”). Pharmacol Rev 55:463-508.

Kuhar MJ, McGirr KM, Hunter RG, Lambert PD, Garrett BE, and Carroll FI (1999)
Studies of selected phenyltropanes at monoamine transporters. Drug Alcohol
Depend 56:9-15.

Liechti ME, Baumann C, Gamma A, and Vollenweider FX (2000a) Acute psycholog-
ical effects of 3,4-methylenedioxymethamphetamine (MDMA, “Ecstasy”) are at-
tenuated by the serotonin uptake inhibitor citalopram. Neuropsychopharmacology
22:513-521.

Liechti ME, Saur MR, Gamma A, Hell D, and Vollenweider FX (2000b) Psychological
and physiological effects of MDMA (“Ecstasy”) after pretreatment with the 5-HT(2)
antagonist ketanserin in healthy humans. Neuropsychopharmacology 23:396—
404.

Logan BJ, Laverty R, Sanderson WD, and Yee YB (1988) Differences between rats
and mice in MDMA (methylenedioxymethylamphetamine) neurotoxicity. Eur
J Pharmacol 152:227-234.

Lyon RA, Glennon RA, and Titeler M (1986) 3,4-Methylenedioxymethamphetamine
(MDMA): stereoselective interactions at brain 5-HT1 and 5-HT2 receptors. Psy-
chopharmacology (Berl) 88:525-526.

Murnane KS, Fantegrossi WE, Godfrey J, Neidert L, and Howell LL (2009) Endo-
crine and neurochemical effects of S(+) and R(—)-MDMA in rhesus macaques.
2009 Experimental Biology Meeting; Abstract 589.11. 2008 Apr 5-9; San Diego,
CA.

Nagai F, Nonaka R, and Satoh Hisashi Kamimura K (2007) The effects of non-
medically used psychoactive drugs on monoamine neurotransmission in rat brain.
Eur J Pharmacol 559:132-137.

Nash JF, Roth BL, Brodkin JD, Nichols DE, and Gudelsky GA (1994) Effect of the
R(—) and S(+) isomers of MDA and MDMA on phosphatidyl inositol turnover in
cultured cells expressing 5-HT2A or 5-HT2C receptors. Neurosci Lett 177:111-115.

O’Shea E, Esteban B, Camarero J, Green AR, and Colado MI (2001) Effect of GBR
12909 and fluoxetine on the acute and long term changes induced by MDMA
(‘ecstasy’) on the 5-HT and dopamine concentrations in mouse brain. Neurophar-
macology 40:65—74.

Schuster C and Johanson C (1988) Relationship between the discriminative stimulus
properties and subjective effects of drugs, in Transduction Mechanisms of Drug
Stimuli (Colpaert F and Balster R, eds) pp 161-175, Springer, Berlin.

Setola V, Hufeisen SJ, Grande-Allen KJ, Vesely I, Glennon RA, Blough B, Rothman
RB, and Roth BL (2003) 3,4-Methylenedioxymethamphetamine (MDMA, “Ec-
stasy”) induces fenfluramine-like proliferative actions on human cardiac valvular
interstitial cells in vitro. Mol Pharmacol 63:1223-1229.

Stone DM, Hanson GR, and Gibb JW (1987) Differences in the central serotonergic
effects of methylenedioxymethamphetamine (MDMA) in mice and rats. Neuro-
pharmacology 26:1657-1661.

Vollenweider FX, Gamma A, Liechti M, and Huber T (1998) Psychological and
cardiovascular effects and short-term sequelae of MDMA (“ecstasy”) in MDMA-
naive healthy volunteers. Neuropsychopharmacology 19:241-251.

Winter JC, Fiorella DJ, Timineri DM, Filipink RA, Helsley SE, and Rabin RA (1999)
Serotonergic receptor subtypes and hallucinogen-induced stimulus control. Phar-
macol Biochem Behav 64:283—293.

Yarosh HL, Katz EB, Coop A, and Fantegrossi WE (2007) MDMA-like behavioral
effects of N-substituted piperazines in the mouse. Pharmacol Biochem Behav
88:18-27.

Address correspondence to: Dr. William E. Fantegrossi, Assistant Profes-
sor, Department of Pharmacology and Toxicology, College of Medicine, Uni-
versity of Arkansas for Medical Sciences, 4301 W. Markham Street, Mail Slot
638, Little Rock, AR 72205-7199. E-mail: WEFantegrossi@uams.edu




